as a most common form of diabetes is a major public health problem; there is a subgroup of NIDDM patients who develop the disease at an early age and show a dominant mode of inheritance. This type is nominates Maturity onset diabetes of the young (MODY). The prevalence of MODY is difficult to access, and patients with MODY genes mutations are often identified during routine screening for other purposes. MODY2 was linked to glucokinase gene (GCK) mutations, and accounted for 8% to 56% of MODY, with the highest prevalence found in the southern Europe. The aim of this study was to examine the prevalence and nature of mutations in GCK gene in Iranian paients. We have screened GCK mutations by polymerase chain reaction (PCR); single stranded conformation polymorphism (SSCP) technique in 12 Iranian families with clinical diagnosis of MODY, included 30 patients (8 males and 22 females) and their 21 family members. PCR products with abnormal mobility in denaturing gradient gel electrophoresis (DGGE) were directly sequenced. We identified 6 novel mutations in GCK gene in Iranian families (corresponding to 36.6% prevalence). Our findings and the last study on MODY1 highlight that in addition to GCK, other MODY genes such as MODY3 and MODYX may play a significant role in diabetes characterized by monogenic autosomal dominant transmission. There is an important point that the genetic recognation can be used to pre-symptomatically identify family members at risk for developing MODY.
INTRODUCTION
Maturity onset diabetes of the young (MODY) is an autosomal dominant form of non insulin dependent diabetes mellitus (NIDDM) which is characterized by an early age at onset (usually before 25 years), with at least one family member with diabetes and a primary defect in beta cell function. Except for these features, the clinical characteristics of MODY patients are similar to the patients with the more common late onset form of NIDDM [1] . The maturity onset diabetes of the young (MODY), is caused by mutations in the six known genes encoding the hepatocyte nuclear factor-4α (HNF-4α), glucokinase (GCK), hepatocyte nuclear factor-1α (HNF-1α), insulin promoter factor-1(IPF-1), hepatocyte nuclear factor-1β (HNF-1β) and NeuroD1 respectively [2] . The diagnosis of MODY is very important in children and adolescent diabetic patients [3, 4] . Although the true relative prevalence of six distinct MODY subtypes is unknown and varies substantially in studies in various populations [5] [6] [7] [8] [9] [10] , mutations in the genes encoding HNF1α and GCK are the most prevalent. Mutations in GCK (MODY2) account for 7% -41% [8, 9] , whereas mutations in TCF1 (MODY3) may account for 11% -63% of mutations in subjects with clinically diagnosed MODY. Mutations in HNF4α (MODY1) are less frequent and may account for 2% -5% of subjects with MODY [7, 10] . Only 26 families worldwide have been diagnosed with MODY1 [11] . The prevalence of MODY patients with mutations in TCF2 (MODY5) is unknown, and although MODY5 has been considered very rare, it may comprise up to approximately 1%. Mutations in IPF1 and NEUROD1 are rare and have been identified in single families. Interestingly, unknown MODY genes, known as MODYX, may be responsible for up to 79% of cases of MODY depending on sampling and the stringency of inclusion criteria [8] . This finding suggests that additional MODY genes are likely to exist. Each genetic sub group is associated with a distinct phenotype [12] . Despite the molecular genetic heterogeneity, the overall mechanisms leading to MODY are typically defective insulin secretion and/or reduced pancreatic beta cell mass due to impaired transcriptional regulation of cell development and function [13] .
Mutations in the glucokinase gene may be the most common cause of type 2 diabetes identified up to this time (8% to 63%) [10] . More than 100 different mutations have been linked to a subtype of type 2 diabetes called maturity onset diabetes of the young type 2 (MODY2) [14] [15] [16] [17] [18] [19] [20] [21] . This form of type 2 diabetes is characterized by mild and stable hyperglycemia from begin of birth results a defect in glucose induced insulin secretion rather than insulin action [22] [23] [24] . Most cases of MODY2 are treated only by diet and they rarely suffer diabetic complications. Glucokinase plays a key role in the regulation of glucose homeostasis. This enzyme is expressed in the pancreatic beta cells and liver, and catalyses the formation of glucose 6 phosphate and may be involved in the regulation of insulin secretion and integration of hepatic intermediary metabolism [16] . So, in the hepatocyte, the phosphorylation of glucose by glucokinase facilitates the uptake and metabolism of glucose by maintaining a gradient for glucose transport into these cells thereby regulating hepatic glucose disposal [14] . Studies of MODY caused by mutations in GCK have shown that decreased expression (insufficiency) of functional GCK causes hyperglycemia due to reduced glucose sensing [18, 25, 26] .
At first, we screened our patients with clinical features of MODY, for mutations in HNF4α gene and we identified the novel mutation in this gene in 8/30 (26.6%) of patients and 3/21 (14.2%) of their relatives [27] . These results are different from other populations. So, we should examine our patients to distinguish the prevalence of the mutations between other 5 MODY genes and MODYX. In this study, we have searched for mutations in the glucokinase gene in 30 patients from 12 Iranian families with clinically MODY diagnosis.
MATERIAL AND METHODS
We selected 30 subjects (8 males and 22 females) with clinical features of MODY and their family members (21 persons) participated too. These subjects were previously diagnosed to suffer from diabetes mellitus or impaired fasting glucose (IFG) and all had a family history of diabetes mellitus or another form of hyperglycemia (gestational diabetes mellitus or impaired glucose tolerance) in at least two consecutive generations. The patients were recruited from pediatric endocrinologists and from outpatient clinics for adults from whole academic endocrinology departments of Mashhad (Eastern Center of Iran) during 2006 to 2010. The study protocol was approved by Mashhad University of Medical Sciences Ethical Committees. Informed consent was obtained from all study participants.
Family history and clinical, metabolic and genetic data were collected in 12 Iranian families included 30 MODY patients as well as their relatives. Fifty unrelated normoglycemic subjects were included in the study as controls.
All participants had fasting blood samples taken for measurements of plasma glucose and glycosylated hemoglobin (HbA1C). Participants with no known history of diabetes had an additional standard 75-g oral glucose tolerance test performed. In those patients treated with insulin, its administration was started after a documented failure of diet and sulfonylurea drugs. Failure is defined as sustained fasting glucose greater than 140 mg/dl, ketosis, or abnormalities in growth rate. Diagnosis of chronic diabetes complications was based on standard studies (serum lipid profile, blood pressure, microalbuminuria, and eye fundoscopy). The existence of chronic complications in affected relatives was assessed from medical files.
Genomic DNA was extracted from peripheral white blood cells or lymphocyte cell line using standard methods. The gene encoding the enzyme glucokinase in human spans a region of more than 20 kilobases (kb) on chromosome 7, and consists of 12 exons. All exons of GCK gene were amplified using PCR and were scanned for mutations by single strand conformational polymorphism (SSCP) technique. PCR products corresponding to abnormal electrophoretic patterns were purified and analyzed by direct sequencing in both directions using ABI PRISM Dye Primer Cycle Sequencing Kit with Amplitaq DNA Polymerase FS to characterize nucleotide change and results were analyzed with ABI Sequence Navigator software. The published primers were used ( Table 1) . Family members were screened for the mutation similar to the patients. Absence of the newly described variants as checked in the 50 control subjects using the same w 
RESULTS
36.6% of our study families (11subjects of 30 patients), carried mutations in GCK gene (MODY2). All of these mutations have been reported previously. We identified 6 Mutations in 11 patients ( Table 2) . None of the mutations in GCK gene reported here were identified in 21 normoglycemic relatives and 50 normal chromosomes from unrelated healthy control subjects. In our last study, we had three families with clinical and genetic characteristics of MODY1 (26.6%) [27] . According to this result and present data (determined 5 family with MODY 2); in 4 of 12 families (One third of population) no mutations were found in the GCK and HNF4α genes. This finding shows that the majority of MODY mutations in Iranian population are MODY2 and that other MODY genes such as MODYX could be responsible for autosomal dominant transmission of diabetes mellitus.
Close to 40% of the reported mutations in the GCK gene are present in exon7 [28] . In our results, the Thr228 Ala mutation was found in two families not known to be related, who were subsequently considered to be members of the same pedigree.
This mutation has the most frequency rather than other mutations (36.3%). All the other mutations were only detected in one family. Frequency of GCK mutations in Iranian patients is shown in Table 3 .
At the time of investigation, the mean age of our patients was 31 years (range 14 to 51 years) and the mean age of apparent onset (first recognition of hyperglycemia) was 19 years (range 11 to 25 years). So, similar to other populations, the phenotype expression of MODY2 usually appears earlier in life. None of the diabetic individuals are obese; the mean of Body Mass Index (BMI) in our patients was 20.7 kg/m 2 (range 17.4 to 23.8 kg/m 2 ). The mean measured fasting glucose level and HbA 1 C in these patients was 7.4 mmol/lit and 6.7% respectively. The majority of our patients showed mild/moderate hyperglycemia, confirming the previously reported observation that GCK mutations are associated with milder non progressive hyperglycemia as compared with other MODY related genes. According to the last studies, overt diabetes is rare in MODY2, but in our investigation, one patient presented overt diabetes. She had a history of Gestational Diabetes Mellitus (GDM). This patient is well controlled with oral hypoglycemic agents after her pregnancy and the rest of patients are controlled with low dose of oral hypoglycemic agents, diet and physical exercise. In agreement with previous observations [29] , no evidence of chronic complications of diabetes was found in affected members of these families. Clinical features of subjects with GCK mutations are summarized in Table 4.
DISCUSSION
Molecular defects in six different genes have been identified in MODY patients [30] . All of these genes encode proteins involved in the glucose homeostasis of the pancreatic beta cell. The glucokinase gene (GCK/ MODY2) encodes an enzyme of the glycolytic pathway, which can modulate insulin secretion in response to glycemic variations and the other five genes encode nuclear proteins that control the appropriate expression of beta cell genes [31] [32] [33] . Heterozygous mutations in these enes may result in different clinical presentations. Ideng Copyright © 2013 SciRes. OPEN ACCESS tification of MODY genes currently allows investigation of the specific defects present in each family and definition of the respective genotype phenotype correlations [2] . More than 130 different GCK/MODY2 mutations have been identified [2] . In France, GCK mutations are the most common cause of MODY, with more than 60% of studied population carrying mutations in this gene [12, 18, 21] . GCK defects are also the first cause of MODY among Italian and Spanish patients [29, 34] . However, studies in the United Kingdom [35] and Germany [5] found GCK mutations in only 11% and 8% of the series, respectively. It has shown that mutations in GCK gene are not found in Mexican families with clinically diagnosis of MODY [28] and GCK mutations are relatively rare in Denmark [13] . This is in line with previous reports from Northern Europe [5, 7, 18, 36] but conflicts with several, but not all, reports from Southern and Central Europe where mutations in GCK are the most prevalent cause of MODY [9, 10, 36, 37] .
We initiated a study of genetic epidemiology of MODY in Iranian populations, as no data on the relative prevalence of the different MODY subtypes and on the spectrum of mutations in MODY genes have been published from other countries [27] . In our first study on patients with clinical features of MODY, we distinguished three families with clinical and genetic characteristics of MODY1 (26.6%) [27] . According to previous reports, MODY4-6 mutations are not likely to be responsible for diabetes in a substantial proportion of affected families, so we have not tested them [2] . In this project, we have screened for mutations in GCK gene in 12 Iranian families (30 patients and their 21 family members) fulfilling MODY criteria. We have found 6 mutations in glucokinase gene in 11 of our 30 MODY patients (5 Families), that they were not seen on screening 21 family members and the control subjects. This is implying that these mutations are the cause of the diabetes in the 36.6% of the patients that we studied.
While each genetic entity may be associated with distinct phenotypic features, the diagnosis cannot be always made on clinical grounds alone, and the associated clinical findings emphasize that the clinical distinction between the type 1 diabetes and MODY may be sometimes difficult. While almost all patients with type 1 diabetes are insulin dependent within 2 years of diagnosis, many MODY patients usually achieve good glycemic control without insulin throughout life.
Thus, knowledge of the genetic cause of MODY has significant impact on clinical management and therapeutic decision, allows prediction of the clinical course, and may offer the possibility of identifying family members at future risk. Also, the identification of a GCK mutation is important as it represents "good news". The stable, mild and subclinical hyperglycemia rarely requires pharmacological treatment and diabetic complications are unlikely. Our patients had mild elevations in fasting plasma glucose too, and no signs of diabetic complications were found in any of our subjects with a GCK mutation. All patients had an HbA1c level within the normal range indicating good glycemic control during the recent weeks.
She was the only patient among our families with GCK mutation (≠1 of family 2) who had history of gestational diabetes and prescription of insulin during her life.
She had no mutation in GCK gene, whereas her sister has clinical and genetic characteristics of MODY2. So, MODY 2 should not be excluded in patients with more marked hyperglycemia, and that genetic screening of the GCK gene is a helpful strategy in all family members of MODY patients; because, we should think on T1D in the relatives of MODY patients.
In conclusion, the findings of this study indicate that mutations in GCK/MODY2 gene are a very common cause of MODY in IRAN.
Our experience also consistent with the idea that the availability of molecular diagnostic methods in a clinical setting not only may help to confirm a diagnosis of MODY, but also may be used for pre symptomatic diagnosis.
CONCLUSIONS
According to previous studies, additional unknown MODY genes (MODYX) may cause MODY and approximately 15% -20% of families fitting MODY criteria do not have mutations in any of the known genes [38] ; in the future we will study more on genetic characteristics of MODY patients.
The last point is, if mutations in GCK can contribute to the development of NIDDM, then acquired changes resulting in decreased levels of GCK may have the same effect. So, GCK may be a target for therapeutic intervention.
